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Data Flow Diagram

Figure 5
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APPARATUS, SYSTEMS AND METHODS
FOR LOCAL IN SI'TU MEASUREMENT OF

CORROSION CONDITION INFORMATION
WITH CONTACTLESS ELECTRODES

PRIORITY APPLICATION

This application claims prionity from U.S. provisional

patent application 62/015,750, filed on Jun. 23, 2014, the
contents of which are imcorporated herein by reference.

GOVERNMENT RIGHTS

This imnvention was made with Government support under
Contract Nos. N00014-12-C-0420 and N00014-14-C-0040
awarded by the Department of the Navy. The Government
has certain rights to the ivention.

INTRODUCTION

The example embodiments described below relate to
systems and methods for automatically detecting corrosion
and coating degradation of coated metallic structures or
components. A non-limiting example component 1s a ship
propulsion shaft, with a composite covering and coating,
that can be expected to be operated 1n corrosive environ-
ments, €.g., 1n marine environments.

BACKGROUND AND SUMMARY

The annual cost of corrosion for the U.S. was estimated to
be $276 billion or approximately 3.1% of the U.S. Gross
Domestic Product. Besides these costs, corrosion also
adversely 1mpacts safety and efliciency in a number of
economic sectors such as transportation and infrastructure.
Aging 1infrastructure has been deemed “one of the most
serious problems faced by society today,” in a study per-
tormed by the Federal Highway Administration (FHWA). As
aging inirastructure and transportation vehicles approach the
end of their design lifetime, proper asset management 1s
increasingly important in an effort to safely extend service
lifetimes. However, due to the complex nature of these
structures, corrosion often occurs 1n areas that are difhcult to
access, making regular maintenance checks impossible.
Therefore, corrosion maintenance practices are schedule-
based, where the extent of material and corrosion damage 1s
examined after a certain number of hours or set calendar
service periods. The removal of material to determine the
degree of material degradation and corrosion damage 1is
costly and destructive, and although some inspections reveal
significant damage, other mspections uncover no damage,
which indicates the structure or component had significant
remaining service life.

Increasingly, there 1s a need to transition from these
current schedule-based maintenance practices to condition-
based practices, where damage 1s addressed once 1t reaches
a critical level and before a potentially disabling event
occurs. Monitoring systems and models predicting future
damage have been developed and installed across platforms
for corrosion control. In applications where the structural
alloys or substrates are diflicult to access (structures with
multilayer coating and coverings, mnsulation, or embedded in
concrete), however, online monitoring systems are still
challenging to implement. For many known monitoring
systems, a direct electrical connection to the structure 1s
necessary for performing electrochemical measurements,
such as linear polarization or electrochemical impedance
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2

spectroscopy, to determine the progression of material deg-
radation and corrosion. This direct electrical connection
must be attached to the structure as it 1s built or it can be
added 1n later. Direct electrical connection between the
sensing elements and structure may require penetrations
through protective coatings that can then become failure
points or otherwise impair the functionality of the protection
system. In many applications where the structure 1s difficult
to access, electrically connecting directly to the substrate 1s
impossible due to the possibility of electrical interference or
wires through surrounding material becoming failure points.

The use of wireless power and signal transier to excite the
corrosion and coating condition sensors eliminates the need
for conductors or physical connectors that penetrate through
the coatings, covers, or insulation layers or the structure.
Elimination of wired power and communications interfaces
also eliminates discontinuities that may become {failure
points or otherwise impair the functionality of the protective
coverings. Finally, wireless power and communications are
useiul for momitoring moving parts and components such as
a propulsion shait for a ship.

Electrochemical techniques including linear polarization
or electrochemical impedance spectroscopy may be used 1n
some monitoring systems for detecting corrosion and coat-
ing condition. These techniques can be used to track with
time the evolution of barrier properties of coatings and
polarization resistance of the metallic structure, which 1s
then converted to a corrosion rate. When these techniques
are performed with a two-electrode or three-electrode setup
(working, counter, and reference electrode), a direct electri-
cal connection to the structure 1s required. For a structure
that 1s dithicult to access, such as buried 1n concrete or soil,
if the connection was not placed when 1t was {first con-
structed, 1t can be extremely costly and difficult to later
retrofit an electrical connection to the buried structure. In
many cases, 1t can be impossible to electrically connect to
the structure because of the possibility of interference with
normal operations of the structure and damage to the coat-
ings, covers, or insulation surrounding it.

Electrochemical measurement techniques also require
physical electrical connections between the sensing ele-
ments and the power and communications interface. The
requirement for physical electrical connections means that
batteries or line-power must be available or incorporated in
the design. The size of the electronics, batteries, or wiring
required for these connections creates difliculties for install-
ing and maintaining embedded systems. In the case of
battery powered monitoring systems, battery replacement
becomes a routine maintenance burden. For line-powered
systems the electrical connection needs to be routed to a
power source, and the connections to the embedded sensors
need to penetrate through the structure, coatings, covering,
or msulation. For moving components these techniques may
be 1mpossible or require complex connections, e.g., a slip
ring connection, that also introduce complexity, reduce
reliability, and increase maintenance activities.

Other nondestructive techniques to monitor a buried
structure or a free-standing coated structure and detect both
material degradation surrounding the structure and corrosion
of the structure itself include acoustic emission, ultrasonic,
clectromagnetic, thermographic, optical fiber, or radio-
graphic methods. Although these techniques might be eflec-
tive 1n detecting corrosion damage over a wide area, they
can only detect damage that 1s on the size order of large pits
or cracks and that often has already reached a critical level.
The early stages of corrosion that include the breakdown of
the passive oxide layer and initiation of corrosion are not
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detectable using these techniques. They can also be useful
for detecting coating degradation but are unable to distin-
guish degradation between layers 1n a multilayer coating
stack-up.

“Coupons” that are made from the same material as the
structure may be buried or placed near the structure of
interest in combination with a monitoring method. These
coupons may then be retrieved at various time intervals and
examined for corrosion damage. Although coupons can
provide a qualitative indication of the condition of the
structure, they do not provide direct quantitative data on the
health of the structure and are costly to place and remove.

Surrogate sensing methods could measure coating barrier
properties, iree corrosion, and environmental properties by
placing electrodes fabricated from the same metallic mate-
rial as the structure near the structure of interest and col-
lecting electrochemical and environmental measurements.
Although such methods could provide an indicator of poten-
tial corrosion damage on the structure, they cannot be
embedded, are only indirect measures of conditions, and are
impossible to implement in applications where the structure
1s 1naccessible.

There 1s a need for an 1n situ (e.g., on site, 1 place, local,
etc.) apparatus, system, and method of detecting electro-
chemical corrosion and material or coating degradation that
does not require electrical connection to the structure and
can directly detect the earliest stages of coating breakdown
and corrosion before damage progresses to more serious
cases, e.g., pitting and cracking. It would be desirable to also
distinguish between coating degradation of layers 1 a
multilayer coating stack-up. Furthermore, 1t would be desir-
able for such a corrosion and coating condition measurement
system to use wireless power and data transier. Such tech-
nology would enable condition-based maintenance, reduce
the number of costly destructive inspections, decrease the
risk of a failure between inspection cycles, and support
service life extension based on condition.

Example embodiments include a sensing apparatus for
sensing corrosion condition information. A pair of contact-
less electrodes are placed on a coating on a surface of a
structure or within or between one or more coatings on or
over the surface of the structure. The term “embedded” as
used herein includes being placed on a coating on a surface
ol a structure or within or between one or more coatings on
or over the surface of the structure. The embedded elec-
trodes are configured to function as sensors when activated
to generate a current flow through the electrodes at multiple
different frequencies.

Contactless control circuitry for co-location with the
embedded electrodes 1s configured, when the electrodes and
clectronic circuitry are wirelessly activated, to transmuit
impedance data generated from the activated electrodes for
detection by a recerver external to the structure. The imped-
ance data 1s associated with corrosion and/or coating con-
dition information of the structure and/or the one or more
coatings.

In example applications, the sensing apparatus includes
excitation circuitry for co-location with the embedded elec-
trodes and configured to activate the pair of electrodes as
sensors by applying a voltage potential at one or multiple
frequencies between the pair of electrodes so as to excite and
measure current flow between the electrodes and convert the
current flow between the electrodes to an impedance mea-
surement. The contactless control circuitry i1s configured to
control excitation circuitry and to transmait digital impedance
data, based on the impedance measurement, to an external,
preferably wireless receiver.
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An array of multiple pairs of contactless embedded elec-
trodes may be placed on a coating on a surface of a structure
or within or between one or more coatings on or over the
surface of the structure. For such an array, the control
circuitry may include a multiplexer configured to obtain
measurements across any combination of pairs of electrodes.

In example applications, the control circuitry of the sens-
ing apparatus includes a power source, e.g., an ultracapaci-
tor, and radio frequency (RF) interface and communications
circuitry configured to receive RF power and to charge the
power source, €.g., ultracapacitor. The excitation circuitry
and contactless control circuitry are configured to be pow-
ered by the charged power source. The contactless control
circuitry 1s configured to provide digital data representing
the impedance data to the RF interface and communications
circuitry, and the RF interface and communications circuitry
1s configured to transmuit the digital data to a data collection
system over a radio interface.

The corrosion condition information may include, for
example, a damage state parameter determined from a dry
state impedance and a current impedance detected using the
clectrodes. The corrosion condition mnformation may include
an absolute or relative change in corrosion of the structure
and/or the one or more coatings based on the impedance data
associated with the pair of electrodes at multiple different
frequencies.

The pair of contactless embedded electrodes 1s not con-
nected to the structure through a direct electrical, optical, or
other type of signal connection.

In example applications, the embedded electrodes 1n the
pair are placed at a predetermined distance from each other
so that current flow generated with the pair of electrodes 1s
activated primarily through the structure and/or the one or
more coatings.

In example embodiments, the sensing apparatus further
includes one or more addition of nondestructive monitoring
devices.

Other example embodiments include a sensing system for
sensing corrosion condition mmformation having a sensing
device that includes a pair of contactless embedded elec-
trodes for placement on a coating on a surface of a structure
or embeddable within or between one or more coatings on
or over the surface of the structure. Contactless circuitry 1s
provided for co-location with the embedded electrodes and
has communications circuitry for wireless communication.
The sensing system further includes a data collection sys-
tem, external and separated from the structure and any
coatings on or over the structure, configured to wirelessly
communicate with the sensing device and including a power
source, control circuitry, and interface and communication
circuitry. The pair of contactless electrodes 1s configured to
function as sensors when activated to excite current tlow
between the electrodes at multiple different frequencies. The
co-located contactless circuitry 1s configured to detect and
convert the current flow to impedance data and wirelessly
transmit the impedance data to the interface and communi-
cation circuitry of the data collection system. The impedance
data 1s associated with a corrosion condition of the structure
and/or the one or more coatings.

In example embodiments, the data collection system may
be configured to transmit data and/or power via the interface
and communication circuitry over a radio frequency (RF)
interface to the sensing device.

Example applications include a data display system
coupled to the data collection system that includes a graphi-
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cal user interface configured to communicate from or to a
user information regarding the coating and/or corrosion

condition of the structure.

Other example embodiments include a method of sensing
corrosion condition nformation. The method includes:
locating or embedding a sensing device on a coating on a
surface of a structure or within or between one or more
coatings on or over the surface of the structure. The sensing
device includes a pair of contactless electrodes. In some
example applications, the sensing device also has co-located
wireless communications and control circuitry. The pair of
contactless electrodes 1s activated to excite current flow
between the electrodes at one or more different frequencies.
The control circuitry co-located or otherwise detects and
converts the current flow to impedance data. The impedance
data 1s associated with a corrosion condition of the structure
and/or the one or more coatings.

In example embodiments, the sensing device transmits the
impedance data to a data collection system, e.g., over aradio
frequency (RF) interface. The data collection system 1s also
external and separated from the structure and any coatings
on or over the structure.

Other example embodiments include apparatus and meth-
ods of sensing corrosion condition information using a
“walk-up” sensor device that 1s placed on a coating on a
surface of a structure. The sensing device 1includes a pair of
contactless electrodes and control circuitry that excite cur-
rent flow between the electrodes at one or multiple frequen-
cies. The control circuitry detects and converts the current
flow to impedance data and provides the impedance data to
a data collection system. The impedance data 1s associated
with a corrosion condition of the structure and/or the one or
more coatings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows an example ring electrode configuration on
a propulsion shaft.

FI1G. 2 shows an example contactless, embedded electrode
measurement system where electrode pairs are embedded 1n
a fairing compound for monitoring water ingress and steel
corrosion of a propulsion shaft.

FIG. 3A shows an example cross section with an embed-
ded electrode pair, and FIG. 3B shows example current
pathways between the electrodes.

FIG. 4 shows another example embodiment of a contact-
less corrosion measurement system that includes an embed-
ded sensor system (ESS), a data collection system (DCS),
and a data consolidation and display system (DCDS).

FIG. 5 1s a data flow diagram showing example signal
messages between a data collection system (DCS) and an
embedded sensor system (ESS).

FIG. 6 1s a graph showing an example electrochemical
impedance spectroscopy scan using noncontact embedded
sensing electrodes on steel shafts with different initial sur-
face conditions (grit blast and rusted with residual salt) and
a base primer and different elastomeric coatings submerged
in a sodium chloride salt solution.

FIG. 7 1s a graph showing example damage state param-
cters calculated for rusted and grnit blasted shaft samples
indicating an example of the ability of contactless, embed-
ded sensing electrodes to diflerentiate between conditions of
the coating and steel shatt.

FIG. 8 1s a graph showing an example electrochemical
impedance spectroscopy scan using noncontact embedded
sensing electrodes on a steel shaft with base primer and
clastomeric coating submerged 1n a salt solution.
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FIG. 9 shows the shait in FIG. 8 prepared with pre-
corroded regions of three diflerent sizes located underneath
the sensing ring electrode pairs.

DETAILED DESCRIPTION

The following description sets forth example embodi-
ments for purposes of explanation and not limitation. But 1t
will be appreciated by those skilled 1n the art that other
embodiments may be employed apart from these specific
details. In some instances, detailed descriptions of well
known methods, interfaces, circuits, and devices are omitted
sO as not to obscure the description with unnecessary detail.
Individual blocks are shown 1n some figures. Those skilled
in the art will appreciate that the functions of those blocks
may be implemented using individual hardware circuits,
using software programs and data in conjunction with a
suitably programmed digital microprocessor or general pur-
pose computer, and/or using applications specific integrated
circuitry (ASIC), and/or using one or more digital signal
processors (DSPs). Software program instructions and data
may be stored on a non-transitory, computer-readable stor-
age medium, and when the instructions are executed by a
computer or other suitable processor control, the computer
or processor performs the functions associated with those
instructions.

The term signal 1s used herein to encompass any signal
that transfers information from one position or region to
another 1n an electrical, electronic, electromagnetic, or mag-
netic form. Signals may be conducted from one position or
region to another by electrical or magnetic conductors, but
the broad scope of signals also includes light and other
clectromagnetic forms of signals and other signals trans-
ferred through non-conductive regions due to electrical,
clectronic, electromagnetic, or magnetic effects. The broad
category of signals includes both analog and digital signals:
An analog electrical signal includes information in the form
of a continuously variable physical quantity, such as voltage;
a digital electrical signal includes information in the form of
discrete values of a physical characteristic, which could also
be, for example, voltage.

Unless the context indicates otherwise, the terms circuitry
and circuit are used herein to refer to structures 1n which one
or more electronic components have suflicient electrical
connections to operate together or in a related manner. In
some 1nstances, an 1tem of circuitry can include more than
one circuit. An item of circuitry that includes a processor
may sometimes be analyzed into hardware and software
components; 1n this context, software refers to stored or
transmitted data that controls operation of the processor or
that 1s accessed by the processor while operating, and
hardware refers to components that store, transmit, and
operate on the data. Circuitry can be described based on 1ts
operation or other characteristics. For example, circuitry that
performs control operations 1s sometimes referred to as
control circuitry, and circuitry that performs processing
operations 1s sometimes referred to as processing circuitry.

In general, sensors, processors, and other such items may
be included in a system 1n which they are operated auto-
matically or partially automatically. The term system refers
to a combination of two or more parts or components that
can perform an operation together. A system may be char-
acterized by 1ts operation.

As described in the background and summary section,
known methods for detecting the early stages of electro-
chemical corrosion often use electrochemical polarization
techniques that require a direct electrical connection to the
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metallic structure under test. The contactless technology
described here uses embedded electrodes and associated
control circuitry that do not require a wired or cable signal
connection to detect corrosion. Although 1t 1s known that an
clectrode can be polarized by placing 1t within an electric
ficld generated by applying a potential to two external
clectrodes, 1t 1s typically recognized as stray current corro-
sion. For example, this form of corrosion can be observed
when a pipeline 1s buried near a structure that 1s protected
with an impressed current system. Stray currents from this
system can travel into the nearby pipeline mitiating corro-
sion. Accordingly, stray current corrosion 1s conventionally
seen as a problem. The inventors, however, developed a
technique that uses these basic electromagnetic field theory
principles to instead sense corrosion. The technique also
preferably uses wireless power and communications tech-
nology to create a contactless embedded sensing system that
climinates any through penetrations on the structure, cov-
erings, nsulation, or protection system. This also enables
monitoring ol moving or rotating components for corrosion
coating performance not possible using conventional moni-
toring approaches. Advantageously, the technology detects
the early stages of corrosion without a direct electrical
connection to the substrate.

A non-limiting example monitoring system includes con-
tactless or non-contact corrosion sensing electrodes for
in-place, local assessment of structural corrosion and/or
structural coating corrosion without a direct electrical, opti-
cal, or other type of signal connection to the structure. The
term “‘direct signal connection” means a hardwire connec-
tion such as a wire, cable, fiber, etc. The terms “contactless”
and “non-contact” mean that the electrodes (and 1n some
example embodiments associated control circuitry) are not
hardwire-connected to any wire, cable, fiber, etc. extending,
to the surface a direct signal connection as defined above.

The electrodes can be fabricated from a relatively inert
alloy or noble material such as gold so as to be corrosion
resistant. The electrodes can be used alone as one pair or as
part of an array for distributed sensing over a large structure
to assess extent and location of coating degradation and
structure corrosion. The contactless corrosion sensing sys-
tem can also be used to characterize materials 1n accelerated
or service performance testing and can be used on moving
or rotating components. All communications with and power
(if external power 1s required) to the electrodes (and 1n some
example embodiments associated control circuitry) 1is
accomplished wirelessly. Wireless means that communica-
tion signals and power (1f external power 1s required) are
transferred without a wire, cable, fiber, etc.

The embedded electrodes (and co-located control cir-
cuitry, in example embodiments that use co-located control
circuitry) can be powered, 1n one non-limiting embodiment,
using mutual inductance near field coupling with an external
monitoring system. When the embedded electrodes are in
proximity with an external monitoring system, the monitor-
ing system triggers measurements to be collected. Far field
clectromagnetic radio frequency methods may also be used
to power the system.

A non-limiting example embodiment co-locates control
circuitry with the embedded electrodes to form a sensing
system. In one example embodiment, the embedded elec-
trodes and co-located control circuitry are embedded as a
module on or within the structure. In another example
embodiment, the embedded electrodes and co-located con-
trol circuitry are a part ol a walkup measurement unit that
can be placed on the surface of the structure and/or structure
coating to make corrosion measurements.
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The control circuitry 1n one example includes Passive
Low Frequency Interface circuitry (PalLLFI), a power source,
a microcontroller, and excitation circuitry. In example
implementations, the sensing system 1s preferably designed
with a conformal, low-profile form factor to be permanently
encased and have minimal impact on the material surround-
ing the structure. Wireless power (1I external power 1is
required) and wireless data signal transier through the
material surrounding the electrodes coupled with the con-
tactless sensing eliminates the need for electrical conduc-
tors, optical fibers, etc. to penetrate the surrounding material
or connect with the structure and thereby introduce addi-
tional possible failure points.

Wireless power (11 external power 1s required) and wire-
less signal transfer system in example embodiments may be
interrogated using a handheld wireless reader external to the
surface and coverings of the structure. (The handheld wire-
less reader 1s a diflerent embodiment that the walkup mea-
surement sensing device). The example handheld wireless
reader embodiment includes a reader with a transceiver
device that wirelessly powers the embedded instrumentation
using near field electromagnetic induction to execute mea-
surements and transfer data. Alternative example embodi-
ments use far field readers, batteries, or other energy sources
to power the embedded sensor system. A user-friendly
graphical user interface (GUI) presents and preferably also
interprets the acquired sensor data 1n a format 1n which users
can take appropriate action. The GUI also preferably pro-
vides a time history of the condition of the structure.
Example embodiments may also include a separate indica-
tion of damage using additional nondestructive sensing
techniques, e.g., those that use ultrasonics or eddy currents.

In an example embodiment of a sensing system for
measuring and monitoring the condition of a ship propulsion
shaft 10, (which 1s a non-limiting example 10 of a monitored
structure), two pairs of electrodes 12a and 1256 encircling the
shaft, as shown 1n FIG. 1, are embedded at the interface
between two layers of coatings, as shown 1n FIG. 2. FIG. 1
shows an example ring electrode configuration adjacent to a
bearing sleeve 14 on the propulsion shaft 10. The shait 10
may be made for example of steel, and the bearing sleeve 14
may be made for example of a combination of copper and
nickel (Cu/Ni).

FIG. 2 shows an example measurement system for moni-
toring water ingress and steel corrosion embedded 1n an
example multilayer coating stack-up for the propulsion shaft
10. The example 1includes primer and elastomeric coatings
18 that may be made from a low-viscosity primer for
polysulfides and an epoxy cured with polysulfides, respec-
tively, a fairing compound layer 20 made from a polysulfide
sealing compound, and a glass-remnforced plastic (GRP)
layer 22 made from an epoxy laminating resin. In this
example, three pairs of Electrochemical Impedance Spec-
troscopy (EIS) electrodes are shown on a conformal printed
circuit board (PCB) 16. In this example embodiment, elec-
trodes have 0.2 mm spacing, with the electrode pairs spaced
22 mm apart.

FIG. 4A shows an example cross section with an embed-
ded electrode pair 12a and 126 (shown as cross-hatched
circles) connected to a current source. FIG. 3B shows
current pathways (with arrows) between the two electrodes
12a and 1254. The electrodes 12a and 126 do not contact the
structure but mnstead are embedded 1n coating(s) covering at
least some portion above the structure surface.

FIG. 3A shows how an impedance 1s measured between
the two embedded electrodes 12a and 1256 by using elec-
tronics embedded with the electrodes within the coatings(s)
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covering 24 to apply a low voltage AC signal and sweep the
frequency from 0.1 Hz to 10° Hz. The overall impedance
measured 1s a function of the condition of the structure
(labeled structural material in FIGS. 3A and 3B) and sur-
rounding material and may depend on electrochemical,
ionic, and/or electrical properties. Multiple interfaces and
current pathways exist that have unique impedance proper-
ties that may change with time and condition of the coatings
and structure.

In example embodiments, the pair of electrodes 12a and
126 1s preferably optimized to increase sensitivity to the
current pathway through the structural material and to
mimmize current pathways through the surrounding mate-
rial such as the primer, other materials, and topcoats labeled
in FIG. 3A and pathways shown 1 3B. This 1s accomplished
by adjusting the spacing between the individual electrodes 1n
a pair, adjusting the spacing between the pairs of electrodes,
and/or by modifying the proximity of the electrodes to the
substrate to obtain an optimal spacing and distance for direct
measurement of structural alloy corrosion. By making the
spacing closer together and distance from the surface
shorter, an optimal distance can be obtained such that current
pathways across the coating interface have a high impedance
and are less likely than current pathways passing through the
structural material that have a lower impedance.

Example embodiments may further include one or more
nondestructive sensing techniques, such as ultrasonics or
eddy currents, utilized i1n parallel with the contactless
embedded electrodes for turther characterizing material deg-
radation and corrosion.

An example embodiment of contactless corrosion mea-
surement 15 now described with reference to the function
block diagram shown in FIG. 4. The example system
includes an optional data consolidation and display system
30, a data collection system (DCS) 32 (also referred to as a
reader or transceiver), and an embedded sensor system
(ESS) 34 including control and communication electronics
and sensing elements.

The embedded sensor system 34 includes embedded
sensors such as one or more pairs of electrodes like those 1n
the example 1n FIGS. 2 and 3 along with Passive Low
Frequency Interface (PalLFI) circuitry 36 (an example PaLFI
1s available from Texas Instruments) that provides near-field
wireless power transfer and communications with embedded
control circuitry and sensors 44, e.g., electrodes. The embed-
ded sensor system 34 includes an ultracapacitor 38 coupled
to recerve and store energy from the PalLFI circuitry 36, a
microcontroller 40 powered via the ultracapacitor 38 and
coupled to communicate digital data with the PalLFI cir-
cuitry 36, sensor excitation circuitry 42 coupled to the
ultracapacitor, and the embedded sensors 44 powered via the
excitation circuitry 42.

In other example embodiments, the ultracapacitor may be
replaced by a battery or a very long term independent power
source.

The data collection system 32 in the example of FIG. 4
acts as a battery-powered wireless communication base
station, wirelessly providing power to the embedded sensor
system 34. Antennas 47, 37 in both the data collection
system and embedded sensor system, respectively, use
mutual inductive coupling at a nominal frequency, e.g.,
134.2 kHz, that allows for collection of radio frequency (RF)
energy at the embedded sensor system 34. Other frequencies
may be used. This 1n turn charges the ultracapacitor 38
within the embedded sensor system 34 for short-term energy
storage. Once sutlicient energy 1s stored in the ultracapacitor
38, the electronic circuitry within the ESS 34, including the
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microcontroller 40, 1s activated, triggering pre-defined sig-
nal wavetforms generated by the excitation circuitry 42 at
varying frequencies that are applied across the sensors 44, in
this example EIS electrodes. The resultant current response
1s measured by elements of the excitation circuitry and
converted to an impedance measured across the embedded
corrosion sensors (and one or more non-destructive sensing
systems, 11 used).

Although one pair of electrodes may be used, an array of
pairs ol electrodes may be also be used. To allow several
combinations of electrode measurements, a low-voltage
multiplexer may be included 1n the excitation circuitry to
sequentially obtain measurements across pairs of electrodes
in the array, e.g., with different electrode spacings.

Electrochemical impedance spectroscopy (EIS) collects
kinetic information on physiochemical processes occurring
in an electrochemical system, such as electron and 1on
transport and heterogenecous reactions. EIS 1s performed by
applying a small AC potential to the electrochemical system
and measuring the impedance over a range of frequencies. In
a non-limiting example the frequency range is 0.1 Hz to 10°
Hz. Impedance can be thought of as the resistance to flow of
the AC signal. The measured impedance can be processed
using an electrical circuit composed of resistors (R), capaci-
tors (C), and mductors (L) to determine additional quanti-
tative data on physiochemical processes occurring. In par-
ticular for corrosion processes, changes in the shape of the
impedance curve, such as a plateau forming at low frequen-
cies and a sharp drop 1n the impedance measured at low
frequencies can be indicative of corrosion occurring.

The sensor measurements (and non-destructive measure-
ments 1f used) are digitized by the microcontroller 40, and
transmitted wirelessly back via the PaLFI circuitry 36 and a
radio frequency (RF) interface to the DCS 32. Upon comple-
tion of sensor measurements and data transmission, the
ultracapacitor 38 seli-discharges, and the microcontroller 40
enters a shutdown mode until charging 1s re-initiated by the
DCS 32.

In a non-limiting example embodiment, the DCS 32 1s
handheld. During system operation and measurement 1nitia-
tion, the DCS 32 1s placed in proximity to the structure under
test and aligned with the ESS antenna 37. This limits the
distance between the two system antennas, 37, 47, providing
for the satisfactory energy coupling between the two anten-
nas. The output energy of the DCS 32 base station can
induce a relatively high current (e.g., 116 mA) in the ESS
antenna coil 37. It 1s also possible to permanently mount the
DCS 32 near the ESS 34 to obtain automated data collection
on stationary or moving structures.

Assuming an example ESS 34 using a capacitor value of
0.06 F with a 0.5 ochms equivalent series resistance, 1t takes
approximately 174 seconds to charge the ultracapacitor 38
from an 1mitial value 01 0.1 Vdc up to 3.0 Vdc, given a charge
current of 1 mA. For an assumed example ESS circuitry load
of approximately 600 ohms, or 5 mA initial current con-
sumption from the storage capacitor, and a capacitive volt-
age discharge from 3.0 Vdc to 1.85 Vdc, the capacitive
storage element can provide suflicient electrical power to
operate the circuitry for 17.4 seconds. For the measurements
in this example, this 1s suflicient time to initiate system
operations, excite sensor elements and take measurements,
process and format the measurements into data messages,
and wirelessly report the measurement results back to the
DCS.

Firmware (not shown) within the example ESS 34 pro-
vides an interface between the microcontroller 40 and the
PalLFI device 36 through a standard serial peripheral inter-
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tace (SPI) port that 1s part of the PaLLFI circuitry. An SPI 1s
an 1nterface bus commonly used to send data between
microcontrollers.

FIG. 5 shows a data flow diagram of example signaling,
between the data collection system 32 and the embedded
sensor system 34. Once charging of the embedded sensor
system 34 by the data collection system 32 has occurred and
1s acknowledged, the PalLFI 36 receives and acknowledges
a “Collect Data” command from the data collection system
32 over the RF interface. In response, the ultracapacitor 38
provides voltage to the excitation circuitry 42. The micro-
controller 40 controls the excitation circuitry 42 to generate
appropriate AC excitation signals for the embedded elec-
trodes sensors 44. Measurements of impedance collected
over a frequency range of 0.1 Hz to 10> Hz from the sensors
44 are digitized and recorded using the microcontroller
onboard ND converters. Following this sensor data collec-
tion at the ESS 34, the PalFI circuitry 36 wirelessly
transiers sensed impedance data back to the DCS 32, e.g., in
one or more data packets, until the sensor data transfer is
completed. A non-limiting example packet may have 96 bits.

The sensor impedance data i1s recorded in non-volatile
system memory 48 on the DCS 32, and 1s ready for retrieval
via the system communications (e.g., USB) interface 52. At
the completion of a successtul data transmittal, the ESS 34
shuts down, and the embedded ultracapacitor 38 seli-dis-
charges until the DCS 32 re-charges it and requests another
measurement.

The physical construction of the ESS circuitry excluding
the electrodes 1s implemented 1n a non-limiting example
embodiment using {flexible, conformal circuitry. For
example, the ESS circuitry uses a double-sided flex circuit
with electronic components installed on one of the two
conductor layers. Both top and bottom layers of the circuitry
are protected by cover-layers and conformal coating to
maintain electrical isolation from surrounding materials and
to guard the electronic components and circuitry wiring,
from any corrosive ingress.

Since the corrosion processes being monitored by the
contactless embedded electrodes 44 are typically slow, the
example embodiment of the measurement and monitoring
system collects periodic sensor measurements of impedance.

For continuous measurements of impedance, and thus, the
corrosive condition of the monitored structure, alternate
example embodiments of the corrosion monitoring and
measurement system can use a permanently-mounted DCS
32 transcerver (rather than handheld), embedded batteries, or
other energy sources such as solar cells or vibration energy
scavenging to power the electrodes.

The ESS circuitry may also include a memory with
suilicient storage to store the data for a periodic download.
Data may be wirelessly transmitted to a data collection
system for processing and storage.

The data consolidation and display system or the graphi-
cal user interface (GUI) 30 1s used for processing and
viewing the data from the contactless embedded electrodes.
Once the DCS 32 1s ready for data retrieval, it 1s connected
to a laptop via the system communications (e.g., USB)
interface 52. On the laptop, plots can be viewed that display
the impedance at certain frequencies and over various 1Ire-
quency ranges, arca values (integration of the impedance
response), and/or other parameters extracted.

By monitoring how features of the sensed impedance
response of the structure have changed with time, 1nsight
into the condition of the structure may be determined 1n
terms ol corrosion and material degradation. For example,
an 1nitial decrease in measured impedance values 1s
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expected with water ingress into the coating. However, with
time further decreases in impedance and changes 1n the
shape of the impedance curve, such as a plateau developing
at low frequencies may be indicative of further detrimental
water ingress and corrosion. In alternative example embodi-
ments, one or more other nondestructive techmques could be
used 1n combination with contactless embedded electrodes
to further characterize coating condition, corrosion, and
damage to the structure.

The contactless embedded monitoring system examples
described above provide measurements of impedance over
one frequency or a range ol multiple frequencies linked to
the condition of the overall structure including the early
stages of coating breakdown and corrosion degradation. The
example monitoring system 1s particularly useful for appli-
cations where the coated metallic structure 1s difficult to
access or moving and/or where a direct electrical connection
1s impractical and/or would degrade the overall performance
of the structure, such as a substrate with a multilayer coating
stack-up, insulating cover, a coated alloy embedded 1n
concrete or soil, or a rotating shait. As described above, the
embedded electrodes may be used as a single pair or as an
array for distributed sensing over a large structure or to
detect degradation throughout multiple layers.

The contactless embedded electrodes may be used alone
in a corrosion monitoring and measurement system as an
carly indicator of electrochemical condition or together with
another nondestructive technique that detects later stages of
corrosion such as pitting and cracking to further validate
sensor output.

Although the example embodiment 1n FIG. 4 shows the
embedded sensor system 34 where control circuitry (e.g., 36,
38, 40, and/or 42) 1s co-located with the embedded electrode
sensors 44, other example embodiments include the embed-
ded electrode sensors 44 with the control circuitry not
co-located with the embedded electrode sensors 44. Instead,
the control circuitry may be a part of the data collection
system 32 with the embedded electrode sensors 44 being
activated when the data collection system 32 1s brought 1n
proximity with the embedded electrode sensors 44.

Other example embodiments include apparatus and meth-
ods of sensing corrosion condition information using a
“walk-up” sensor device that 1s placed on a coating on a
surface of a structure. The sensing device 1includes a pair of
contactless electrodes and control circuitry that excite cur-
rent flow between the electrodes at one or multiple frequen-
cies. The control circuitry detects and converts the current
flow to impedance data and provides the impedance data to
a data collection system. The impedance data 1s associated
with a corrosion condition of the structure and/or the one or
more coatings.

An additional example application of the monitoring
system 1s accelerated corrosion testing for characterizing the
performance of coatings for the development and acceptance
of new materials. Presently, there 1s a lack of quantitative
data during accelerated testing to accurately understand the
corrosion processes and material interactions that are occur-
ring. In particular, for multilayer coating stack-ups 1t 1s
difficult to track the corrosion of the substrate and the
moisture and 1onic diffusion through the stack-up. Chemical,
mechanical, and thermal degradation processes may aflect
cach layer and interface differently, and the dominant failure
mode may be associated with an individual layer or specific
material interactions. The contactless embedded electrodes
may be embedded throughout the stack-up thickness within
layers and/or at interfaces between layers to obtain imped-
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ance measurements that would retlect the evolution of
corrosion and coating properties with time and exposure
conditions.

A non-limiting example embodiment monitoring or mea-
surement system may be tailored to an application for ship
propulsion shaifts that are steel shaits coated with multilayer
protection systems. These rotating shaits are susceptible to
pitting and fatigue damage. This damage 1s caused by the
intrusion ol seawater nto the coating that, when it reaches
the surface of the shait, can initiate galvanic corrosion
between the steel shaft and a Cu/Ni bearing sleeve. Fleet-
wide maintenance often requires drydocking ships at ten
year 1ntervals for full shait removal and inspection to
determine whether the GRP covers that protect the shafit-
sleeve interface have successtully prevented seawater intru-
s1on and subsequent shait pitting/fatigue damage. Often, the
inspection reveals no water ingress or shaft damage, mean-
ing that the sleeve was removed before the end of 1ts useful
operating life. Conversely, some inspections have revealed
significant damage, evidencing cover failure well before the
end of expected design life. The mstant technology provides
an 1n situ nondestructive method to monitor shaft health
more frequently.

The embedded electrodes can be used to detect, e.g.,
coating degradation, seawater ingress, and corrosion of a
propulsion shait by applying a low voltage alternating
current (AC) signal between the two electrodes embedded 1n
the coating on the structure.

In example embodiments, excitation of the noncontact
embedded sensing electrodes preferably includes multiple
different frequencies to obtain barrier properties and corro-
sion behavior. The coating condition and corrosion may be
quantified by examining the change over time 1n impedance
values measured at different frequencies and Irequency
ranges or area values obtained by integrating the impedance
response. In further example embodiments, coating condi-
tion and corrosion are quantified by performing curve fits
and extracting parameters based on deterministic or empiri-
cally dertved models. FIG. 6 1s a graph showing an example
clectrochemical 1mpedance spectroscopy scan and the
impedance values obtained using noncontact embedded
sensing electrodes on a steel shaft with base primer and
clastomeric coating submerged in sodium chloride. Two
example shafts for monitoring were prepared with a rela-
tively better coating system (e.g., grit blast) and a relatively
worse coating system (e.g., rusted with residual salt).

Features of the impedance response with frequency may
be used to obtain absolute measures of the condition or
relative changes 1n the coating and corrosion at the location
where the electrodes are positioned. In an example embodi-
ment, the coating and/or corrosion condition 1s assessed
using a non-dimensional damage state parameter (0) calcu-
lated 1n accordance with the formula below from a dry state
impedance (Z,,,,) relative to a current impedance (Z,,) evalu-
ated at each time interval.

_ Lﬂg(Zdry) — L':'g(zn)

0
Lo g(zdry )

FIG. 7 shows example damage state values calculated for
rusted and grit blasted shaft samples tested in FIG. 6. These
shaft samples with different 1nitial starting conditions, either
rusted or grit blasted surfaces, then had the electrodes and
additional protective coatings applied before initiation of the
test 1n sodium chloride. The rusted shaft samples should
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have poor coating adhesion and thus worse coating proper-
ties. Water ingress and corrosion should therefore proceed

more quickly on these samples than on the grit blasted
shafts. In FIG. 6, this 1s observed with the rusted shaft
measuring lower impedance values across all frequencies
than the grit blasted shait. Both the x and vy axis in FIG. 6
are on a logarithmic scale. Damage state values calculated
for these two types of shafts, (grit blasted indicated with
square symbols and rusted indicated with triangles), indicate
that the example embedded sensing electrodes detect and
differentiate between conditions of the coating and steel
shaft. After a period of mitiation of approximately ten days,
where both grit blasted and rusted shafts have similar
damage state parameters, a diflerence 1 damage state
parameter 1s observed with the rusted shafts having higher

damage state values.

FIG. 8 and FIG. 9 further demonstrate that measured low
frequency impedance values can be utilized to differentiate
between corroded regions of different areas. FIG. 8 1s a
graph showing an example electrochemical impedance spec-
troscopy scan using noncontact embedded sensing elec-
trodes on a steel shait with base primer and elastomeric
coating submerged 1n a salt solution.

FIG. 9 shows the shaft in FIG. 8 prepared with pre-
corroded regions of three diflerent sizes located underneath
the sensing ring electrode pairs. The shaft had pre-corroded
regions of three diflerent areas underneath three pairs of ring
clectrodes. The impedance measured at low frequencies for
this shaft correlated well with defect area and location. The
impedance measured between the electrodes above the larg-
est defect was the lowest. The electrodes above the medium
defect measured a slightly higher impedance value, and the
impedance between the electrodes above the smallest defect
aligned with the other electrode pairs that did not have
defects under them.

Although various embodiments have been shown and
described 1n detail, the claims are not limited to any par-
ticular embodiment or example. None of the above descrip-
tion should be read as implying that any particular member,
step, range, or function 1s essential such that 1t must be
included 1n the claims scope. The scope of patented subject
matter 1s defined only by the claims. The extent of legal
protection 1s defined by the words recited in the allowed
claims and their equivalents. All structural and functional
equivalents to the members of the above-described preferred
embodiment that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. More-
over, 1t 15 not necessary for a device or method to address
cach and every problem sought to be solved by the tech-
nology described, for it to be encompassed by the present
claims. No claim 1s intended to mvoke paragraph 6 of 35
USC §112 unless the words “means for” or “step for” are
used. Furthermore, no embodiment, feature, component, or
step 1n this specification 1s mtended to be dedicated to the
public regardless of whether the embodiment, feature, com-
ponent, or step 1s recited in the claims.
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The 1nvention claimed 1s:

1. A sensing apparatus for sensing corrosion condition
information, comprising:

a pair of contactless electrodes for placement on a coating
on a surface of a structure or within or between one or
more coatings on or over the surface of the structure
and configured to function as sensors, which when
activated, conduct a current flow at one or more fre-
quencies,

wherein impedance related data generated from the acti-
vated electrodes 1s associated with corrosion condition
information of the structure and/or the one or more
coatings.

2. The sensing apparatus in claim 1, further comprising:

contactless control circuitry for co-location with the elec-
trodes and configured, when the electrodes are acti-
vated, to transmit impedance related data generated
from the activated electrodes for detection by a receiver
external to the structure.

3. The sensing apparatus in claim 2, wherein the contact-
less control circuitry wirelessly transmits the impedance
related data to a wireless receiver over a radio interface.

4. The sensing apparatus in claim 2, further comprising:

an array ol multiple pairs of contactless electrodes for
placement on a coating on a surface of a structure or
within or between one or more coatings on or over the
surface of the structure,

a multiplexer in the contactless control circuitry config-
ured to obtain measurements across the pairs of elec-
trodes.

5. The sensing apparatus in claim 2, further comprising;:

excitation circuitry configured to activate the pair of
clectrodes by applying a low voltage potential at one or
multiple different frequencies between the pair of elec-
trodes so as to excite and measure current flow between
the electrodes and convert the current flow between the
clectrodes to an impedance measurement, and

wherein the contactless control circuitry 1s configured to
control the excitation circuitry and to transmit digital
impedance data, based on the impedance measurement,
to the external receiver.
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6. The sensing apparatus in claim 5, further comprising;:

a pPOWeEr source,

radio frequency (RF) interface and communications cir-

cuitry configured to receive RF power and to charge the

power source, and

wherein the excitation circuitry and contactless control

circuitry are configured to be powered by the charged

power source.

7. The sensing apparatus 1n claim 6, wherein the contact-
less control circuitry 1s configured to provide digital data
representing the impedance data to the RF interface and
communications circuitry, and

wherein the RF interface and communications circuitry 1s

configured to transmit the digital data to a data collec-

tion system over a radio interface.

8. The sensing apparatus in claim 1, further comprising:

control circuitry configured, when the electrodes are acti-

vated, to detect impedance related data generated from
the activated electrodes.

9. The sensing apparatus 1n claim 1, wherein the corrosion
condition information includes a damage state parameter
determined from a dry state impedance and a current imped-
ance detected using the electrodes.

10. The sensing apparatus in claim 1, wherein the corro-
sion condition information mncludes an absolute or relative
change 1n corrosion of the structure and/or the one or more
coatings based on the impedance related data associated
with the pair of electrodes at multiple different frequencies.

11. The sensing apparatus in claim 1, wherein the pair of
contactless electrodes 1s not conmnected to the structure
through a direct electrical, optical, or other type of signal
connection.

12. The sensing apparatus 1n claim 1, wherein the elec-
trodes 1n the pair are placed at a predetermined distance from
cach other so that current flow generated with the pair of
clectrodes are activated 1s primarily through the structure
and/or the one or more coatings.

13. The sensing apparatus 1n claim 1, further comprising
one or more addition nondestructive monitoring devices.

14. The sensing apparatus 1n claim 1, wherein the pair of
clectrodes are embedded between two coatings on or over
the surface of the structure.

15. A sensing system for sensing corrosion condition
information, comprising:

a sensing device including:

a pair ol contactless electrodes for placement on a
coating on a surface of a structure or embeddable
within or between one or more coatings on or over
the surface of the structure, and

contactless circuitry for co-location with the electrodes
and having communications circuitry for wireless
communication, and

a data collection system configured to communicate with

the sensing device,

wherein the pair of contactless electrodes 1s configured to

function as sensors when activated by the data collec-

tion system to excite current flow between the elec-
trodes at multiple different frequencies,

wherein the co-located contactless circuitry 1s configured

to detect and convert the current flow to impedance

data and transmit the impedance data to the data
collection system, and

wherein the impedance data 1s associated with a corrosion

condition of the structure and/or the one or more

coatings.

16. The sensing system in claim 15, wherein the sensing
system 1s a walkup device for placement on a surface of the
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structure to obtain the impedance data 1s associated with a
corrosion condition of the structure and/or the one or more
coatings.

17. The sensing system 1n claim 135, wherein the data
collection system 1s external and separated from the struc-
ture and any coatings on or over the structure, configured to
wirelessly communicate with the sensing device and includ-
Ing a power source, control circuitry, and interface and
communication circuitry,

wherein the pair of contactless electrodes 1s configured to

function as sensors when wirelessly activated by the
data collection system to excite current flow between
the electrodes at multiple different frequencies, and
wherein the co-located contactless circuitry i1s configured
to detect and convert the current flow to 1impedance
data and wirelessly transmit the impedance data to the
interface and communication circuitry of the data col-
lection system over a radio frequency (RF) interface.

18. The sensing system of claim 17, wherein the data
collection system 1s configured to transmit data and power
via the interface and communication circuitry over the RF
interface to the sensing device.

19. The sensing system of claim 15, further comprising:

a data display system coupled to the data collection

system and including a graphical user interface config-
ured to communicate from or to a user information
regarding the coating and/or corrosion condition of the
structure.

20. The sensing system of claim 15, wherein the corrosion
condition information includes an absolute or relative
change 1n corrosion of the structure and/or the one or more
coatings based on the impedance data associated with the
pair of electrodes at the multiple different frequencies.

21. A method of sensing corrosion condition information,
comprising;

locating a pair of contactless electrodes of a sensing

device on a coating on a surface of a structure or within
or between one or more coatings on or over the surface
of the structure;
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activating the pair of contactless electrodes to excite
current flow between the electrodes at one or more

frequencies;
detecting and converting the current flow to impedance

data; and
providing the impedance data to a data collection system,
wherein the impedance data 1s associated with a corrosion
condition of the structure and/or the one or more

coatings.

22. The method of claim 21, wherein the providing
includes transmitting the impedance data to a data collection
system over a radio frequency (RF) interface.

23. The method 1n claim 22, further comprising the data
collection system transmitting data and power over an RF
interface to the sensing device.

24. The method 1n claim 21, further comprising:

communicating to a graphical user interface information

regarding the coating and/or corrosion condition of the

structure.
25. The method 1n claim 21, wherein the sensing device

includes contactless circuitry co-located with the electrodes
and having communications circuitry for wireless commus-

nication.
26. The sensor apparatus 1n claim 1, wherein the pair of

contactless electrodes are placed on or within a coating on
the surface of the structure or within or between one or more
coatings on or over the surface of the structure, and wherein
the pair ol contactless electrodes do not require forced
current or voltage through a direct electrical connection to
the structure.

27. The sensing system 1n claim 15, wherein the pair of
contactless electrodes do not require forced current or volt-
age through a direct electrical connection to the structure.

28. The method 1n claim 21, wherein the locating step
includes placing the pair of contactless electrodes on or
within a coating on the surface of the structure or within or
between one or more coatings on or over the surface of the
structure, and wherein the pair of contactless electrodes do
not require forced current or voltage through a direct elec-
trical connection to the structure.
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